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Abstract: Two cysteine residues were introduced to selected positions (Serine-309 and Serine-43) of
the Thermoplasma acidophilum citrate synthase. Serine-309 Cysteine mutation drastically reduced the
activity, as well as the thermostabiity of the enzyme. Although Serine-43 Cysteine mutation reduced
the enzyme activity, it did not have any effect on the thermostability. Both wild-type and cysteine-43
mutant Thermoplasma citrate synthase enzymes were purified to homogenity using affinity
chromatography on Matrex Gel Red A. The cysteine-43 mutant Thermoplasma citrate synthase was
strikingy similar to the wild-type recombinant citrate synthase in its molecular size, substrate and cofactor specificities, pH profile and thermal resistance. The decrease in the specific activity of the citrate
synthase as a result of this mutation was reflected by V max and E a values.
Key Words: Thermostability, Thermoplasma acidophium, citrate synthase, site-specific mutagenesis.

Thermoplasma acidophium Orijinli Sistin-43 Mutant Sitrate Sentaz
Enziminin Saflaştırılması ve Karakterizasyonu
Özet: Thermoplasma acidophium sitrat sentaz enziminin seçilmiş iki pozisyonuna (ser-309 ve Ser-43)
iki sistin grubu yerliştirimiştir. Serin 309 Sistin mutasyonu enzimin termostabilitesi kadar aktivitesini
de büyük ölçüde azatmıştır. Serin 43 Sistin mutasyonu her ne kadar enzimin aktivitesini azaltmışsa da
termostabiliteyi etkilememiştir. Hem mutant olmayan, hem de Sistin-43 mutant Thermoplasma sitrat
sentaz enzimeri Matrex Gel Red A kullanılarak yapılan afinite kromatografi ile homojen bir şekilde
safaştırılmıştır. Sistin-43 mutant Thermoplasma sitrate sentaz enzimi mutant olmayan sitrat sentaz
enzimine moleküler ağırlığı, substrat ve ko-faktör spesifisitesi, pH profili ve ısıya dayanıklılık
bakımından çok benzemektedir. Mutasyonun sonucu olarak sitrat sentaz enziminin spesifik
aktivitesinde görülen azalma, Vmax ve Ea değererine de yansımaktadır.
Anahtar Sözcükler: Thermostabilite, Thermoplasma acidophilum,
mutasyon.

sitrat sentaz, bölgeye özel
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Introduction
Citrate synthase (EC 4.1.3.7) catalyses the condensation of acetyl-coenzyme A (acetyl-CoA)
and oxaloacetate (OAA) to form citrate and free coenzyme A (CoA), and thus, affects the entry
of carbon into the citric acid cyce. This central role in the cell metabolism is demonstrated by
the presence of the enzyme throughout the three phyogenetic domains of living organisms
(1,2). The ‘large’ hexameric citrate synthases are found only in Gram negative eubacteria
whereas Gram-positive eubacteria and eucaryotes possess ‘small’ dimeric enzymes. The enzyme
purified from moderatey thermophilic Archaeon Thermoplasma (Tp.) acidophium, which
grows at 55° C-60°C and pH: 1-3, is a dimer (subunit Mr: 43,000) with each monomer
comprising 384 amino acids (3). The gene encoding for Tp. citrate synthase has been cloned,
sequenced and expressed in E. coli. (4, 5). Recently, the crystal structure of Tp. citrate synthase
has been resolved to 2.5Å and compared with the citrate synthase from pig heart (6).
To achieve a detailed understanding of the structural features that confer thermostabiity to
Tp. citrate synthase, a number of site-specific mutagenesis experiments were carried out in our
laboratory. Among these, one was employed to introduce cysteine residues at selected positions
in the recombinant Tp. citrate synthase. As the native enzyme does not have any cysteine, these
mutational substitutions would provide the most reactive functional group in the protein. A
variety of labelling techniques (7, 8) then, could be used to highlight the structural features
specific to this thermostable enzyme, by using spectroscopy. To this end, two site-directed
mutants of the Tp. citrate synthase enzyme were prepared, each with a single serine →cysteine
substitution, either at position 43 or 309.
The aim of this study was to purify and characterize cysteine mutants of Tp. citrate
synthase, particularly the Serine-43 →Cysteine mutant of Tp. citrate synthase to investigate the
effect of the amino acid substitution on the biochemical properties of the enzyme.
Materias and Methods
Bacterial Strains
Recombinant phagemid pBSK (2CS), which was carrying the Tp. acidophilum
citrate
synthase gene was constructed by cloning the Tp. citrate synthase gene from recombinant
pasmid vector pCSEH 19 (5). The citrate synthase gene was removed from above plasmid by
double digestion with EcoRI and SphI, and the excised fragment was ligated to pBS (+)
phagemid at the same sites. The recombinant phagemid pBSK (2CS) was then transferred to
E.coli XL1-Blue strain where a high level of expression of the citrate synthase was achieved.
The resulting strain, E.coli pBSK (2CS), was used throughout the study as the source of
recombinant wid-type Tp. citrate synthase.
Site-specific mutagenesis
Oligonucleotide-directed, site-specific mutagenesis was performed mainly according the
method of Kunkel et al (9), as previously described by Kocabiyik and Perlin (10). The sitedirected Cys-43 and Cys-309 mutations were introduced into the wild-type gene, using the
oigonucleotide primers (synthesized by Severn Biotech Ltd., Worcs UK) having the sequences
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3’CTA TAT TAA CGG ACA CCC CGT GTC CTA CTC5’ and 3’TTC CGT AAG CCA ACG TTC CCG
TAT ATA GGC5’, respectively.
Aliquots of the reactions were used to transform competent E. coli XL-1 Blue cells using a
one step transformation procedure (11). Randomly selected transformants were analysed by
DNA sequencing (12) using a T7 DNA poymerase kit (Sequenase Version 2.0, Stratagene, La
Jolla, CA), to find out themutants that possessed the desired nucleotide changes. E. coi XL-1
strains expressing the mutant genes were E. coli pBSK (C43) and E.coli pBSK (C309).
Purification of wild-type and cysteine-43 mutant Tp. acidophilum citrate synthase
enzyme
E.coli cells expressing the Tp. wild-type and mutant genes were cultured overnight in 200
ml LB-broth, containing 50 µg/ml ampicilin. The cells were harvested by centrifugation (15 min
at 4,500 rpm) and resuspended in a 10 ml volume of 20 mM Tris-HCI, 1mM EDTA buffer (pH
8.0). After Iysis by sonication, the cell debris was removed by centrifugation (60 min at 12,000
rpm) and the cell Iysate was incubated at 65°C for 10 min. After removal of the cell debris by
centrifugation, the extract was then applied to a Matrex Gel Red A column (Sigma Chem Co., St
Louis, MI) which was equilibrated in the same buffer as that in which the extract was prepared.
Tp. citrate synthase was specifically eluted with the loading buffer containing 5 mM OAA and
1 mM CoA. Chromatography was carried out at 25°C. Fractions with detectable citrate synthase
activity were pooled and concentrated by ultrafiltration using an Amicon Centriprep-10
concentrator (10,000 MW cut off membrane) (Amicon Inc., Beverly, MA).
The enzyme purity was assessed by SDS-PAGE (10% w/v) (13). The protein was assayed at
235 nm and 280 nm according to the method described by Whitaker and Granum (14).
Assay of Citrate Synthase
Citrate synthase activity was assayed at 412nm by the method described by Srere et al. The
assay was performed at 55°C in 20 mM Tris-HCI, 1 mM EDTA (pH 8.0) buffer, containing 0.2
mM OAA, 0.15 mM Ac-CoA and 0.2 mM 5,5’-dithio-bis (2-nitrobenzoic acid) (DTNB). One unit
(U) of enzyme activity is 1 µmole CoA-SH produced per min.
The Michaelis constants were determined from double reciprocal plots of initial rates as OAA
concentration was kept constant and Ac-CoA concentration varied and vice versa. For all
concentrations of the substrates tested the increase in the absorbance at 412nm was recorded
for 5 min. The inital velocity was expressed in units of ∆A 412 min -1.
Thermostability Analysis
The thermostability of the purified citrate synthase enzyme was assayed in 20 mM Tris-HCI,
1mM EDTA buffer (pH 8.0) at an enzyme concentration of 1U/ml. Enzyme samples were
incubated in water baths, at temperatures between 50°C to 90°C for 60 min. Aliquots were
removed every 5 or 10 min, and chiled rapidy on ice. The remaining activity was determined at
55°C using the standard assay procedure.
Results
Substitution of serine by cysteine at position 309 significantly reduced the cataytic activity
of the enzyme (Table1). The thermostability of the citrate synthase was drastically reduced as a
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result of this mutation, as well. On the other hand, the specific activity of cysteine-43 mutant
citrate synthase was reatively higher, and this mutation did not influence the thermostabiity of
the enzyme. There fore, characterisation of cysteine-43 mutant enzye was carried out with wild
type citrate cynthase, and the results were compared.
Table 1.

Specific Activity (U/mg)
Wild-type
Cell-extract
Heat treatment at
65°C, 15 min

Cysteine-43 mutant

Cysteine-309-mutant

0.97
4.39

0.35
0.05

7.45
37.38

Effect of mutations on
Tp. citrate synthase
activity.

Purification of Wild-type and Cystine-43 Mutant Tp. acidophilum Citrate Synthase
Enzymes from E. coli
The thermostability of Tp. acidophilum citrate synthase allowed a simple heat treatment to
be used as an initial step in the purification of the enzyme, and in the elimination of heat-labile
E. coli proteins. Cell extract of E. coli in which the archeal enzyme was expressed, was heated
at 65°C for 15 min. After removal of the precipitated proteins by centrifugation, pure enzyme
was obtained by chromatography on Matrex Gel Red A. The elution profie of the cysteine-43
mutant Tp. citrate synthase is illustrated in Figure 1.
As summarised in Table 2, wild-type citrate synthase from E. coi pBSK (2CS) was purified
6.9-fold with a 47% recovery of the enzyme. The purified enzyme had a specific activity of 51.4
U/mg. On the other hand, the mutant citrate synthase from E.coli pBSK (C43) was purified 9.3fold and 49% of its original activity was recovered. The specific activity of cysteine-43 mutant
enzyme was 9 U/mg. The isolated wild-type and mutant Tp. citrate synthases were homogenous
as determined by SDS-polyacryamide gel electrophoresis, which gave single protein bands
(Figure 2). A plot of electrophoretic mobility of the citrate synthas enzymes vs. log Mr of
standard proteins yieded Mr: 43,000 for the subunits.
Table 2.

Purification of Thermoplasma recombinant wild-type and cysteine-43 mutant citrate synthases using affinity
chromatography.

Crude
Extract
Heat
Treatment
(65°C, 15 min)
Matrex Gel
Red A

Total Protein
(mg)

Total
Enzyme
Activity (U)

Specific
Activity
(U/mg)

Yield (%)

7.30
(9.90)*
1.17
(1.62)

54.40
(9.6)
43.74
(7.11)

7.45
(0.97)
37.38
(4.39)

100
(100)
80.40
(74.06)

0.50
(0.53)

25.70
(4.73)

51.40
(9.00)

47.20
(49.27)

*The values for the mutant enzyme are given in parentheses.
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mM OAA and 1 mM CoA. Elution with these ligands was commenced as indicated by the arrow. The elution
profile of the applied protein is depicted (—•—•—).
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66.0
45.0
36.0
29.0
24.0
20.1

SDS-PAGE of recombinant
wild-type and mutant Tp.
citrate synthase at different
stages of purification. Wildtype citrate synthase: lane 1,
after heat treatment; lane 2,
before heat treatment; lane 3,
after affinity chromatography.
Cysteine-43 mutant citrate
synthase: lane 4, after heat
treatment; lane 5, before heat
treatment; lane 6, after
affinity
chromatography.
Lane 7, molecular mass
standards.

14.2

Thermostability of Wild-type and Cysteine-43 Mutant Tp. Citrate Synthase
The wild-type and mutant enzymes were very stable at 50°C, 60°C and 70°C, between pH
7.5 and 9.0, with no detectable reduction in their activities even after 60 min incubation. The
residual activities of wild-type and cysteine-43 mutant enzymes were 15% and 12% after 60
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min incubation at 80°C, respectively. Thermal stabiity of the wild-type and cysteine-43 mutant
Tp. citrate synthase is shown in Figure 3. The half-Life of inactivation at 80°C, calculated from
a semilogarithmic plot of inactivation kinetics was 23 min for wild-type, and 21 min for mutant
enzymes. Both enzymes were strongly inactivated at 90°C after 5 min.
The energy of activation (Ea) was calculated from an Arrhenius plot, for which the data was
plotted as In k versus the reciprocal of the temperature (°K) (Figure 4). (Ea) values obtained
from the slope were-84.3 kcal/mole for wild-type and -88.40 kcal/mole for cysteine-43 mutant
enzymes.
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Figure 3.
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Effect of temperature on stability of wild-type (A) and cysteine-43 mutant (B) citrate synthase enzymes. The
purified enzyme (1U/ml) was incubated for 60 min, at temperatures indicated. Aliquots were withdrawn at
intervals and the residual enzymes activities were assayed at 55˚C as described in the Materials and Methods.
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Arrhenius plots for the thermal inactivations of Thermoplasma (A) wild-type and (B) mutant citrate synthase.
The data are plotted as ln k versus the reciprocal of the temperature (˚K/100), where values of k are the rate
constants calculated from thermostability data. The temperature scale in ˚C is included for reference.

Kinetic Properties of Citrate Stynthases
Recombinant wild-type and cysteine-43 mutant Tp. citrate synthase exhibited uncomplicated
reaction kinetics under the conditions of the assay. The initial velocity of citrate synthases at
various concentrations of one substrate in the presence of a fixed concentration of the other,
follows regular Michaelis-Menten kinetics. The Michaeis constants were determined from double
reciprocal plots of initial rates and the results are presented in Table 3. The Km values for OAA
an Ac-CoA were found to be very similar for wild-type and mutant citrate synthases.
Table 3.
Property

Subunit Mr
Km OAA (µM)
Km Ac-CoŞA (µM)
Vmax (OAA varied)
(µmoles/lt)
Half-life at 80°C (min)
Optimum pH
Ea (kca/mole)

Tp. acidophilum

Citrate Synthase

Wild-type

Cysteine-43 Mutant

43.000
10.0
10.6
3.16

43.000
10.2
10.8
3.16

23
8.0
-84.30

21
8.0
-88.40

Biochemical properties
of recombinant wildtype and cysteine-43
mutant citrate synthase.

Discussion
The targeted mutations were performed to introduce a reactive cysteine residue into
recombinant citrate synthase from thermoacidophilic archaebacterium Thermoplasma

429

Purification and Characterization of Cysteine-43 Mutant Citrate Synthase from Thermoplasma acidophilum

acidophium (which grows at 55-60°C and pH 1-3), so that spectroscopic studies coud be
carried out for structural analysis of the enzyme.
We constructed an expression and site-directed mutagenesis system of the recombinant Tp.
citrate synthase in E. coli XL-1 Blue strain. Our results showed a high level of expression of the
enzyme in the new host E. coli pBSK (2CS), under the control of the lac promoter/operator.
The activity of the pBSK (2CS) enzyme (51.40 U/mg) was higher than that of the one encoded
by pUC19 (42.0 U/mg) (5).
Serine 309→ cysteine mutant Tp. citrate synthase was catalytically less active with
considerably reduced thermal resistance compared with the cysteine-43 mutant enzyme. This
remarkable loss in activity and thermal stability could be attributed to the position of amino acid
replacement which is closer to the active site compared with serine-43. On the other hand,
serine-43, which was on the large domain’s outer surface and far from the active site residues,
was more convenient for labeling and reatively less interference occumed as a result of the
cysteine substitution.
For wild-type and cysteine-43 mutant citrate synthase, the Km values for OAA were 10 µM
and 10.2 µM; for Ac-CoA 10.6 µM and 10.8 µM, respectively (Table 3). This suggests that
cysteine-43 mutation has no effect on substrate or co-factor binding. In previous reports, for
native and pCSEH19 encoded recombinant Tp. citrate synthase, Michaelis constants were
slightly lower than our vaues (5,16). This could be due to the fact that their data were anayzed
either by a direct linear plot according to the method described by Eisenthal and CornishBowden, or by a Hanes plot.
Citrate synthase from E. coli pBSK (2CS) (wild-type) and from E. coli pBSK (C43) (mutant)
exhibited identical protein bands on SDS-polyacrylamide gel, corresponding to a relative
molecular mass of 43.000 for the subunit. These results are consistent with the earlier
observations of Smith et al. (3) and Southerland et al. (5), for native and recombinant Tp.
citrate synthase, respectively.
The resuts of our thermostability anayses showed that serine 43 cysteine replacement did
not alter the thermal behaviour of the Tp. citrate synthase. The half-lives at 80°C were 23 min
and 21 min for wild-type and mutant enzymes, respectively. Although this mutation did not
influence the affinity of the enzyme for substrate binding, it still might have had an effect on
catalysis, as evidenced by the reduced specific activity of the mutant enzyme (Table2). The
changes in the V max (when Ac-CoA concentration changed, but OAA concentration was constant)
and Ea values also support this notion.
In conclusion, the results reported in this study revealed that cysteine-43 mutant Tp. citrate
synthase exhibit biochemical properties analogous to wild-type Tp. citrate synthase, including
Michaelis constants, pH profile and thermostability. Thus this enzyme could be suitable for
structural anayses by spectroscopy when the newly introduced-SH group is specificaly modified
or labelled.
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